Rotor position and speed in sensorless control based on back-electromotive force (back-EMF) estimation can be estimated from back-EMF estimator and rotor position estimator in an interior permanent magnet synchronous motor (IPMSM). Even if the rotor position and speed are correctly estimated by these estimators in the steady state, the performance of estimators in the transient state may be degraded by the gain design of estimators. This paper describes the design method of estimators and current controller to ensure stable sensorless control of IPMSM not only in the steady state but also in the transient state such as for torque or speed variation. The performance of our proposed method is verified through a simulation and experimental results.
Introduction
During the last decade, the permanent magnet synchronous motors (PMSMs) have been widely used in many industrial applications due to their high torque density and efficiency. The vector control of PMSMs requires the information of rotor position and speed that can be measured by means of position sensors such as hall-effect ICs, resolvers and encoders. However, the position sensors are expensive, complex and very sensitive to mechanical environments (1) . To solve this problem, the position sensorless schemes have been proposed for PMSMs, which can be classified into two categories. One uses the information available in the back electromotive force (back-EMF) from a middle speed to a high speed range because the magnitude of a back-EMF is rotor position dependent (2) . Another uses an injected high-frequency voltage signals at standstill and low speed (3) . Based on this fact, the proper conversion method from back-EMF method to signal injection method or vice versa is needed to allow for stable operation in the all speed range considering speed and load torque variation (4) - (7) . Recently, in various industry fields such as traction motor control, the position sensorless control is used in parallel with sensored control for automatically reconfigured operation when position sensor fault occurs. To detect the position sensor fault, the residual analysis is discussed because the residual allows the isolation of a faulty sensor directly and insensitive to parameters variations. The residual threshold is defined greater than the amplitude of the residuals which depend on the waveform of measured signal in healthy mode. Hence, the low threshold has good performance on fast fault detection and algorithm conversion (13) (14) . Generally, the residual threshold cannot be decreased a) Correspondence to: Dongwoo Lee. E-mail: nb16104@shibqau ra-it.ac.jp * Shibaura Institute of Technology 3-7-5, Toyosu, Koto-ku, Tokyo 135-8548, Japan unless the overshoot of measured signal has low value in variation of load torque and speed. Therefore, the analysis on the gain selection of position sensorless controllers is needed to decrease the overshoot value in the transient state. If the proper gain is selected, the stability of sensorless control is increased without the degraded performance of fast dynamic response (5)- (8) . The relationship between fast response performance and response stability is a trade-off. So, the stable gain selection in order to ensure the stable control and fast response performance is required through the analysis of controller design of sensorless control system. In the Ref. (5) , the reasonable values of algorithm conversion between signal injection and back-EMF estimation was set to the start point ω ls from 0.05 PU (Per Unit) to 0.1 PU (1PU is current controller bandwidth) and the end point ω hs = 2ω ls and PLL-type estimator bandwidth is selected as ρ = α c /30. And, the maximum allowed acceleration angle to define the PLL-type estimator is decided at 10 degree from his experiment results. However, there is not calculated values. In the Ref. (6) , the stable gain selection method of sensorless control system with extended EMF estimation was proposed by new mathematical model. However, the analysis of dynamic response on torque variation is insufficiency. In the Ref. (7), the various sensorless control methods included back-EMF estimation and signal injection method were introduced. But, the paper is focus on the optimized motor design in order to high sensorless drive performance. In the Ref. (8) , the saliency tracking observer for position and speed estimation is proposed. The observer bandwidth must have adequate value in order to maintain adequate dynamic stiffness. However, the paper do not include a detailed explanation about the observer bandwidth and the minimum rotor speed in theory and test result does not analyze. The control parameters are very important for the stability and fast dynamic response of sensorless control. So, the parameters should be decided by theoretical considerations.
To estimate the back-EMF of the PMSMs, various c 2019 The Institute of Electrical Engineers of Japan.
approaches such as state observer have been suggested using extended EMF mathematical model (2) (6) . And, some phase locked loop (PLL) type estimators have been proposed to extract the estimated speed and position from the amplitude of estimated back-EMF (9) , but the evaluation at low speed is not included as well as not considering the low overshoot of estimated speed error in torque variation and the proper gain selection of observer and PLL-type estimator in the speed and torque variation is difficult or complicated.
In the Ref. (15) , the stable selection method of controller bandwidth is shown by using the analysis of sensorless control system. A higher value of allowable maximum angle error must be selected at low speed for the stable sensorless control. Then, the bandwidth of position and speed estimator is decreased in the transient state that the rotor speed is changed such as acceleration or deceleration. However, the study on a design of the stable estimator bandwidth at constant low speed is not considered. In the Ref. (16) , the study shows that the stability of sensorless control could be increased through the use of proposed angle compensator in order to decrease the overshoot of estimated error angle when the load torque is rapidly changed. However, the research on the estimator bandwidth considering the minimum speed in the steady state is not included.
In this paper, the sensorless control based on the extended EMF model with stable controller gain is studied in the rotor reference frame for fast response at high speed (10) . And the PLL-type estimator is used to obtain the estimated rotor speed and position because the high frequency noise included in the estimated position error and oscillation caused by disturbances can be filtered without mechanical parameter (8) (9) . The selection strategy on the control gains in order to ensure the stable sensorless control of IPMSM in torque and speed variation is defined.
Our proposed method can set the higher current bandwidth than the proposed method in the Ref. (5) . Also, the maximum allowed acceleration angle is theoretically defined because the PLL-type estimator gain should be variable depend on the maximum allowed acceleration angle. As the result, the minimum speed limit with back-EMF method can be expanded to the lower value than the speed in the Ref. (5) . To compare the stability on designed gain in the transient state, the simulation and experiment results are analyzed with various conditions.
IPMSM Model in the Rotor Reference Frame
The α-β and d-q frames represent the stationary and the rotor reference frames, respectively. The γ-δ frame is an estimated frame used in sensorless vector control using the rotor reference frame. The relationship between the three frames is shown in Fig. 1 . Δθ is the position error between the d-q and γ-δ reference frame. The voltage equation of the IPMSM in the d-q frame is represented as follow (2) :
Where p = d/dt, and E ex is the extended EMF voltage. The voltage equation in the γ-δ frame can be obtained as (3), (4): 
Under the steady-state condition, the last term of (4) can be ignored since the speed error could be sufficiently small. So, (3) can be rewritten as (5)
From the estimated E ex in the γ-δ frame, the estimated position error Δθ can be derived by (6)
Extended EMF Estimation
The equivalent form for the estimation of extended EMF using disturbance observer is shown in Fig. 2 . The disturbance observer contains a differential operator in order to obtain the reverse model of the system. Hence, the disturbance observer should include a low-pass and a high-pass filters as shown (7) for minimizing the negative effects of the differential operation. Therefore, the proper selection of observer gain g ob is important to improve the transient stability (2) .
where The observer gain g ob should be sufficiently larger than the angular speed of rotor ω r . In general, the g ob is set as two times of ω r . However, the minimum value should be considered. So, the g ob can be defined as (8) .
where α c is the current controller bandwidth and k e is the back EMF constant. Also, m is the tuning parameter for the reliable back EMF estimation and |i| max is the maximum stator current (6) .
Speed and Position Estimation

Analysis of PLL-type Estimator
The estimation of the rotor position and speed from the output value of disturbance observer can be defined by using PLL-type estimator (2) (8)- (10) . When the difference between estimated position error and actual position error is very small, (10) can be derived from Fig. 3 .
where K ep and K ei are PI gain for PLL-type estimator. s is the complex frequency variable associated with the Laplace transform. In Fig. 4 , the PLL-type estimator consists of a PI controller, low pass filter and integrator to generate the estimated rotor positionθ and estimated angular speedω r . In general, the integrator outputω o of PI regulator is used as the estimated speed for speed control and extended EMF estimation. Thê ω r filtered by low pass filter, on the other hand, is used to eliminate the noise effect on the current control with nonsinusoidal waveform of back-EMF (2) (10) . Thisθ andω r can be used to achieve synchronism between the γ-δ frame and the d-q frame. From (10) with Fig. 4 , the estimated rotor angular speedω r is calculated as (11) .
By substituting (10) into (11) and using the reasonable assumption that the g ob of five times higher than an PLL-type estimator bandwidth is selected, the effect of g ob in transfer function of system can be ignored and theω r is given bŷ
In order to analyze the stable gain of transfer function in (12), the standard form of 3rd order characteristic polynomial is compared such as (13).
where ζ is damping ratio and ω n is natural frequency. To guarantee the stability and tracking performance of estimator, ζ and ω n should be taken into consideration. If the ζ is equal to 1, the stable system without oscillation can be obtained because two poles are located at −ρ. Therefore, the stability and dynamic response will be defined by selecting only ω n value. Also, the low-pass filter gain ω spd can be decided by considering the verification of simulation results after setting ρ value.
Bandwidth Design of Speed & Position Estimator
In order to set the estimator bandwidth, it is assumed that the actual rotor speed changes rampwise during a short interval of time and the acceleration of rotor speed is constant. Besides, if acceleration of estimated speed error Δω r and estimated position error Δθ are equal to 0, the asymptotic tracking errors can be obtained around the equilibrium point Δω * γ = Δθ * = 0 (4) (5) (8) .
where Δω * γ and Δθ * are the stable equilibrium points considering the error dynamics by Lyapunov principle. Also ρ is bandwidth of PLL-type estimator for the speed & position estimation. From (15), a rule for ρ value selection on the assumption that the acceleration is constant over a short time is given by (16) .
where |ω r | max is the allowed maximum acceleration and |Δθ| max is the allowed maximum error angle in the transient. |Δθ| max can be defined as (17).
Where Δω r,max is the deference speed during acceleration time and Δt s is the speed sampling time.
The state equation of the motor dynamics is given in (18).
where J is the motor inertia, B is the friction coefficient, T e is the electromagnetic torque and T L is the load torque. If the load torque and friction coefficient are zero, the maximum acceleration of motor is selected. So, the maximum angular acceleration |ω r | max can be determined as bellows
where T a,max is allowed maximum acceleration torque.
Bandwidth Design of Current Controller
The feedback loop of current controller can be approximated as first-order systems with bandwidth, and the relation between the bandwidth for feedback loop of current controller α c and the rising time t r is then given by (21). The t r is defined by (20). In general, the α c should be designed as 10 times higher than the maximum bandwidth of ρ for the estimator performance (11) .
Selection of Minimum Operation Speed
The error dynamics are linearized about the equilibrium point by Lyapunov theory (Δω * r = Δθ * = 0) as (5) (6) (11) Δω r Δθ = −2ρK −ρ
In (22), using the system matrix, the characteristic polynomial is defined such as
If the stable root locus of characteristic polynomial and the impact of stability when K is varied consider, the K value is given by K > −0.3 for sufficient damping. Hence, the minimum speed ω r,min on stable estimator bandwidth can be obtained as
where i q,max is maximum q-axis current under rated speed and i d,min is minimum d-axis current under rated speed. Therefore, the bandwidth for stable performance of PLLtype estimator can be define from (14), (16), (17) and (19). Also, the current controller bandwidth and minimum speed can be selected by (21) and (24).
Stable Gain Selection Process
On the base of analysis results of previous section, the stable gain using motor parameter (Table 1) can be defined as below 1. Select to the rising time t r considering the overshoot value and fast response of current. 2. Select to the acceptable α c from (21). 3. Select to the |Δθ| max from (17). 4. Select to the |ω r | max from (19). 5. Select to the ρ considering acceptably fast acceleration from (16). 6. Select to the disturbance observer bandwidth g ob from (8) and 5 · ρ max < g ob,min from Fig. 3 . 7. Check the minimum speed for stable for stable estimator bandwidth from (24).
Simulation Results
The configuration for the simulation is shown in Fig. 5 . In order to verify the performance of our proposed gain selection method, the PSIM software is carried out on motor parameters listed in Table 1 . In the disturbance observer, the back EMF is estimated by the measured phase current and reference output voltage. Using estimated back EMF, the estimated signals of rotor position and speed are obtained from the PLL-type estimator. Also, the estimated rotor speed and position are evaluated from the resolver signal to verify the accuracy of estimated values. From gain selection process, the sensorless control parameters can design as below t r = 0.7 ms, α c = 3140 rad/s, |Δθ| max = 10 degree |ω r | max = 2073 rad/s 2 , g ob = 1000 rad/s, m = 0.12 ρ = 100 rad/s, ω r,min = 476 min
The α c is defined to 3140 rad/s according to select t r = 0.7 ms. The 0.7 ms is considered for the overshoot and fast response of d-q axis current. From (17) and (19), the ρ max is defined as 109 rad/s at |Δθ| max = 10 degree and 78 rad/s at = |Δθ| max 20 degree. In low speed, a higher |Δθ| max should be applied because the estimated position error is increased. Hence, the stable ρ values can be determined as 50 rad/s in 300 min −1 and 100 rad/s from 500 min −1 to 1500 min −1 . It is approximately 30 times lower than designed α c .
From (8) , the g ob can be defined to the limit of minimum value 977 rad/s at |ω r | max = 3000 min −1 with m = 0.12 and the limit of maximum value 3140 rad/s. Therefore, the 1000 rad/s is selected for the stable performance of disturbance observer.
The stable waveforms in sensorless control at 300 min
are shown in Fig. 6 when IPMSM is controlled with 1.8 Nm load. Also, Fig. 7 shows stable waveforms at 1500 min −1 . From the figure, the maximum degree of estimated position error |Δθ| max isn't exceed the designed degree in the steady state.
The Fig. 8 shows the compared waveforms to select the stable value of ω spd when the speed is increased from 500 min to 1500 min −1 at ζ = 1. The waveforms at ω spd = 100 rad/s show acceptable performance when considering the low overshoot of δ-axis current and the fast dynamics under 1.8 Nm. Therefore, ω spd is selected to 100 rad/s.
Experimental Results
Experimental Test Setup
The experimental system is shown in Fig. 9 in order to verify the effectiveness of our proposed gain selection methods. The rating specifications of the IPMSM are 4-pole, 1.8 Nm, 3 A rms and 1500 min −1 such as Table 1 . And the structure of sensorless drive system is the same as Fig. 5 . But, the output signals of encoder instead of resolver are used for verifying the estimated rotor position and speed. And the reference voltages V e * ds , V e * qs are used for the input parameters of disturbance observer instead of V γ , V δ in order to suppress the noise effect. The inverter switching frequency is selected to 10 kHz. Figure 10 shows the low speed waveforms in the steady state. The bandwidth ρ = 25 rad/s is defined as the stable gain of sensorless control at 200 min −1 and 300 min −1 . When the bandwidths are set to 50 rad/s and 100 rad/s respectively, the estimation error of Δθ and i u is increased as the noise signal effect becomes larger. Figure 11 shows the stable waveforms in the steady state when IPMSM is controlled with 1.8 Nm load and speed from 300 min −1 to 1500 min −1 . The bandwidth ρ of PLL-type estimator is set to 50 rad/s and 100 rad/s respectively based on calculated results by (16) . The peak degrees of Δθ waveforms gradually increased with a lower speed. However, the estimation performance of sensorless control is stable and the maximum error of estimated rotor position is limited within 1 radian.
Experimental Results in Steady-state Performance
Experimental Results in Transient-state Performance
The transient response at 300 min −1 is shown in Fig. 12 when a step in i δ at t = 0.25 s. The selected bandwidth of PLL-type estimator ρ = 50 rad/s shows stable performance when the torque is increased rapidly from 0.1 Nm to 1.8 Nm. In contrast, a higher bandwidth ρ = 100 rad/s has unstable performance. Similarly, the ρ = 100 rad/s in 500 min −1 and 1500 min −1 has stable performance in Fig. 13 and in Fig. 14 . However, in a higher bandwidth 200 rad/s and 400 rad/s respectively, the transient response of sensorless control is unstable. Therefore, in this experiment results, the stable performance in torque variation is obtained by the calculated parameter settings.
In Fig. 15 , the stable region on the variation of ρ is shown. The position sensorless control is stable between 500 min −1 and 1500 min −1 when the ρ is set to 100 rad/s. In Fig. 16 , the speed rampwise response from 500 min −1 to 1500 min
is stable when the PLL-type estimator is selected as ρ = 100 rad/s. The stable speed response can be obtained when the IPMSM is controlled by position sensorless drive during an acceleration time of 1s and deceleration time of 0.1s. Although the waveform of estimated position error Δθ does have overshoot during rapid deceleration, the peak value of overshoot is confined within 1 radian.
Conclusion
This paper proposes a stable gain selection method considering the fast dynamics and low noise sensitivity for sensorless control and easy algorithm conversion when position sensor fault occurs. The bandwidth of PLL-type estimator for IPMSM has been analyzed regarding stable range. When using a 100 rad/s for PLL-type estimator, the torque step response and speed rampwise response are stable. The disturbance observer gain for the extended back EMF estimation has been studied. The observer gain 1000 rad/s is applied to minimize the noise effect in back-EMF estimation within the designed range. Also, the minimum speed limit with back-EMF method has been defined under the designed parameters. By the selection strategy of sensorless control factors, the stable operation point could be defined and verified through simulation. Also, the experimental results show the effectiveness of our proposed selection strategy in the transient state of speed and torque.
